We present packet switching applications based on extended spectral-amplitude-coding (SAC) labels in generalized multi-protocol label switching (GMPLS) networks. The proposed approach combines the advantages of wavelength-division multiplexing (WDM) and optical code-division multiple access (OCDMA). The extended SAC labels preserve the orthogonal property to avoid the effect of multiple access interference (MAI) shown at the decoder. We investigate the node architecture of label generation/recognition based on arrayed waveguide grating (AWG). Combining cyclic-shifted maximal length sequence (MLS) codes with the wavelength routed property of AWG simplifies the node structure. The simulation results show that the proposed labels achieve good performances against receiver noise due to the low average cross-correlation values. Under a given bit-error-rate (BER), the switching efficiency of the extended SAC labels outperforms the previous OCDMA schemes, as the network nodes are capable of processing a large number of labels simultaneously.
Introduction
In recent years, generalized multi-protocol label switching (GMPLS) networks have become mature in practical applications and deployments in metropolitan area networks (MANs) [1] [2] [3] . Much of the attention to GMPLS comes from the integration of internet protocol (IP) layers and the optical switching paradigm. By merging several layers to form a single control plane, the network provides a reliable system with reduced complexity. In the network, packets are optically switched in time, wavelength, or space domain along the paths connected by nodes. Due to the packet-based structure, GMPLS is perfectly compatible with optical packet switching (OPS) [4] [5] [6] , which overcomes the processing delay in the electrical switching mechanism.
The development of high-speed optical code-division multiple access (OCDMA) systems inspires researchers to implement optical codes as labels in GMPLS [7] [8] [9] . OCDMA labels are proposed to provide finer granularity in bandwidth utilization than their wavelength-division multiplexing (WDM) counterpart. Labels represented by optical codes are stacked in a common channel to make full use of the available bandwidth. In GMPLS, packets are forwarded along a label switching path (LSP) consisting of connections between nodes. Label distribution protocol (LDP) distributes the labels to all node connections and stores the assignments in a look-up table. To acquire the optimal LSP, LDP searches the look-up table and analyzes all possible paths from the packet source to destination. When OCDMA labels are adopted in the network, a small-size table can be employed to reduce the packet processing time. 
where C(i) is the i-th vector of MLS code, 0 and 1 are the vectors of all N elements being zeros and ones, ⊗ is the Kronecker multiplication symbol, and M is the WDM channel number. Table 1 shows an exemplary label set of extended SAC labels with N = 3 and M = 3. The main idea is to divide the label vector into M blocks. For label E(i, j), MLS code C(i) is located in the j-th block, while other N(M-1) chips are all zeros. Compared with the conventional OCDMA labels, the code length of extended SAC labels is increased from N to L, where L = MN. Table 1 . Extended spectral-amplitude-coding (SAC) label set of M = 3 and N = 3.
j i E(i, j) 1   1  110  000  000  2  101  000  000  3  011  000  000   2   1  000  110  000  2  000  101  000  3  000  011  000   3   1  000  000  110  2  000  000  101  3  000  000  011 From the mapping procedure of (1), label length L can be varied by assigning different values to M and N. We can adjust the available label number to match the connection number in GMPLS networks. For conventional SAC labels, the label numbers are limited to several discrete code lengths. For example, the code lengths of MLS codes are defined as 2 p -1, where p is an integer larger than one. When MLS codes are used as optical labels, the label number for a network may be redundant or insufficient. On the other hand, the extended SAC labels are more flexible so that they can be applied to networks of different scales. Table 2 compares the available lengths of MLS and the proposed extended labels. Next, we investigated the correlation properties of E(i, j) to evaluate the label quality effectively. Cross-correlation λ is defined as the number of overlapping chips between any two codes in a code family. As optical codes with large λ suffer serious PIIN effects at the decoding end [15] , λ should be minimized or reduced when OCDMA labels are designed. The correlation values between two extended SAC labels are defined as follows:
where denotes the dot-product symbol [21] . From (2), any two labels with different indexes j are orthogonal and have zero correlation value. For any two labels with the same index j, the correlation properties are similar to the ones of MLS codes. The cross-correlation of the extended SAC labels is defined as follows: Figure 1 shows the average correlation of the extended SAC labels for different code lengths. For similar L, λ is decreased with M. The larger M is, the more zeros are included in the code vectors, so the overlapping chips between two labels are reduced. For cross-correlation expressions, extended SAC and MLS labels are similar, where λ = (N + 1)/4 and λ = (L + 1)/4, respectively. As N is always smaller than L when M ≥ 2, the extended labels (M = 2, 4) have a smaller λ than that of MLS labels (M = 1). For example, E(1,1) and E(1,2) in Table 1 have L = 6 and λ = 2, respectively, while the cross-correlation of MLS codes with L = 7 is double (λ = 4). 
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Packet Switching Strategy and Label Distribution Scenario of Extended SAC Labels
In this section, we adopt the concept of label stacking and extended SAC labels to achieve packet switching applications in GMPLS networks. Label stacking is applied to optical networks by attaching multiple labels to a single packet. The LDP determines an LSP linked from the packet source to the destination according to the forward information. The connections along the LSP correspond to a set of extended SAC labels. When a packet arrives, the network nodes analyze the label stack to make a switching decision. Then, the node controls an optical switch to guide the packet to the correct path. Label stacking simplifies the computational complexity of packet switching as it avoids label removing and label inserting. The only required function for each node is to recognize a specific label from the stack. Figure 2 shows a schematic diagram of a GMPLS network with extended SAC labels. The network nodes are divided into two categories: edge node and core node. Edge nodes set up an LSP and insert the corresponding labels to a packet. Core nodes analyze the label stack and determine the switching path. There are two LSPs in this network, which are denoted as LSP 1 and LSP 2. Each connection in the LSPs corresponds to an extended SAC label. For LSP 1, packets pass through three connections, which map labels E (1,1), E(2,1), and E(3,2) . Edge node 1 attaches these labels to packets before sending them to the network. When packets reach core nodes, the optical labels are converted 
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Node Architecture of Extended SAC Label Generation and Recognition
The edge node architecture for generating extended SAC labels in GMPLS networks is shown in Figure 4 . Edge nodes transfer the path information of packets into a label stack. A broadband light source (BLS) is coupled to M optical band-pass filters (OBPFs) to construct M WDM channels. Each OBPF has an equal bandwidth but different central frequencies. Encoder group j encodes MLS codes C(1), C(2),…, C(N) on the j-th WDM channel to generate labels E(1, j), E(2, j),…, E(N, j). An optical cross-connect (OXC) establishes the connections for the labels required for packet switching. Finally, an optical coupler aggregates the labels to form a stack. A Mach-Zehnder modulator (MZM) modulates the payload bit stream on the intensity of stacked labels. The label generation scheme of the proposed extended labels (N = 3, M = 3) is shown in Figure 5 . We use MLS codes of (N = 3, ω = 2, λ = 1) as the label basis. Three MLS codes are defined as C(1) = (1,1,0), C(2) = (0,1,1), and C(3) = (1,0,1), respectively. Note that C(i + 1) is the cyclic-shift vector of C(i) for one chip. The wavelength signals in channel j enter the first and second input ports of AWG j for encoding. The selection of AWG ports (port 1 and port 2) corresponds to the positions of chip "1s" in MLS code (1, 1, 0) . For E(1,1) = (1,1,0,0,0,0,0,0,0), it is generated at the first output port of AWG 1 and represented by a wavelength distribution of {λ1,λ2,0,0,0,0,0,0,0}. Based on the wavelength-routed property of AWG, E(2,1) and E(3,1) are shown at the second and third output ports of AWG 1, which are represented as {0,λ2,λ3,0,0,0,0,0,0} and {λ1,0,λ3,0,0,0,0,0,0}, respectively. We take the example of Figure 3b shows the packet signals traveling along LSP 2. The payload energy is lower than that of Figure 3a , as only two labels, E(3,1) and E(2,2), are carried in a single bit. The labels corresponding to LSP 2 are not overlapping, due to the proper label assignment and path selection. When a label stack is constructed, the labels with distinct values of j are preferred to reduce the overlap on wavelengths. Different LSPs result in different labels in a stack. For a long LSP, a large number of labels are included in a packet, and wavelength superposition becomes inevitable. Therefore, balanced detection is adopted in the node architecture to recognize the desired label without MAI.
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where E(i, j) is the complementary code of E(i, j). As E(2,1) is included in the label stack, the decoded signal d(2,1) has a relatively high amplitude. Then, a link to the path corresponding to E(2,1) is set up to finish packet switching.
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Performance Analysis and Discussion
In this section, we employ numerical simulations to quantify the system performance in BER. The BLS for generating the extended SAC labels is centered at λc and has a flat spectrum over bandwidth v. OBPFs for de-multiplexing M WDM channels have a bandwidth of v/M and central frequency of λc-v (2j-1-M)/2M, where j = 1, 2,…, M. AWGs with the channel spacing of v/MN and free spectral range (FSR) of v/M are used to generate N labels in each channel. We consider the packet -switching process of decoding label E(1,1) from the label stack. Using the definition in reference [22] and the correlation property of (2), the photocurrent I generated from decoding the optical label is expressed as follows.
where R denotes the photodiode responsivity, Psr is the received optical power, and κ is the effective label number. When a label is converted from an optical to electrical signal by a balanced detector, PIIN, thermal noise, and shot noise are the dominant performance degradations. The mathematical expression of PIIN variance 2 PIIN σ is deducted as follows.
where B is the electrical bandwidth. The thermal noise and shot noise variance are defined as: Figure 7 . Packet switching process based on recognizing extended labels using an arrayed waveguide grating (AWG) decoder and correlation subtraction.
In this section, we employ numerical simulations to quantify the system performance in BER. The BLS for generating the extended SAC labels is centered at λ c and has a flat spectrum over bandwidth v. OBPFs for de-multiplexing M WDM channels have a bandwidth of v/M and central frequency of λ c -v (2j-1-M)/2M, where j = 1, 2, . . . , M. AWGs with the channel spacing of v/MN and free spectral range (FSR) of v/M are used to generate N labels in each channel. We consider the packet -switching process of decoding label E(1,1) from the label stack. Using the definition in reference [22] and the correlation property of (2), the photocurrent I generated from decoding the optical label is expressed as follows.
where R denotes the photodiode responsivity, P sr is the received optical power, and κ is the effective label number. When a label is converted from an optical to electrical signal by a balanced detector, PIIN, thermal noise, and shot noise are the dominant performance degradations. The mathematical expression of PIIN variance σ 2 PIIN is deducted as follows.
Appl. Sci. 2019, 9, 1513
where B is the electrical bandwidth. The thermal noise and shot noise variance are defined as:
where S Th is the PSD of thermal noise in W/Hz and e is the elementary charge of a single electron. When E(1,1) is decoded, only the extended SAC labels with the index i = 1 enter the decoder, while the OBPF removes the labels of i 1. The relation between the effective label number and the total label number K is described as follows.
where . denotes the floor function. Since the payload bits are modulated in OOK, the label stack only presents when bit "1" is sent. The BER P B is written as
where
, which denotes the total noise variance. the OBPF removes the labels of i ≠ 1. The relation between the effective label number and the total label number K is described as follows.
where .     denotes the floor function. Since the payload bits are modulated in OOK, the label stack only presents when bit "1" is sent. The BER PB is written as The reason is that the number of overlapping chips between labels is reduced by adding zeros to extend the code vector. Furthermore, varying the code length only causes a slight difference in system performance. However, the labels with a long code length are suitable for switching packets in a large-scale network, as the number of path connections in the network is relatively large. Figure 9 shows the relationship between BER and the received optical power at the core node's decoder for K = 15. At low power levels, both MLS and extended labels suffer from thermal noise and the performance of MLS labels is slightly better due to a relatively large photocurrent. When the power level increases, the BER improvement of extended SAC comes from the small average cross-correlation, which has a less contribution to PIIN. Under similar code lengths, the labels with a larger M, which has a greater ability to suppress PIIN, obtain better BER than the ones with a smaller M. Figure 9 shows the relationship between BER and the received optical power at the core node's decoder for K = 15. At low power levels, both MLS and extended labels suffer from thermal noise and the performance of MLS labels is slightly better due to a relatively large photocurrent. When the power level increases, the BER improvement of extended SAC comes from the small average cross-correlation, which has a less contribution to PIIN. Under similar code lengths, the labels with a larger M, which has a greater ability to suppress PIIN, obtain better BER than the ones with a smaller M. Due to the increasing signal rate in networks, the decoder requires a large bandwidth to meet this demand. Figure 10 shows the relationship between BER and the electrical bandwidth for K = 15 and Psr = −10 dBm. The result shows that BER increases with B, which reveals that a high signal rate is obtained at the expense of a large noise variance in the receiver's bandwidth. Similar to the tendency shown in Figures 8 and 9 , the proposed labels show lower BER when the code length is fixed. Therefore, employing extended SAC labels for packet switching is more suitable for achieving high-speed transmissions in GMPLS. In Figures 8-10 , the value of M is carefully chosen to achieve good BER performance. However, the stacked label number K or the LSP length may vary in different networks. Figure 11 investigates the impact of channel number on the system signal-to-noise ratio (SNR) for K = 10, 20, and 40. The lengths of extended labels L are set close to 127. The optimal set for designing extended SAC labels for K = 40 is (N,M) = (7, 64) . Although increasing the channel number can reduce PIIN variance, it lowers the photocurrent at the same time. When K is sufficiently small, and the PIIN effect is not notable, a large value of M may lead to system degradation due to the low SNR. This analysis is very helpful in designing a label set for GMPLS networks of various sizes. Due to the increasing signal rate in networks, the decoder requires a large bandwidth to meet this demand. Figure 10 shows the relationship between BER and the electrical bandwidth for K = 15 and P sr = −10 dBm. The result shows that BER increases with B, which reveals that a high signal rate is obtained at the expense of a large noise variance in the receiver's bandwidth. Similar to the tendency shown in Figures 8 and 9 , the proposed labels show lower BER when the code length is fixed. Therefore, employing extended SAC labels for packet switching is more suitable for achieving high-speed transmissions in GMPLS. Due to the increasing signal rate in networks, the decoder requires a large bandwidth to meet this demand. Figure 10 shows the relationship between BER and the electrical bandwidth for K = 15 and Psr = −10 dBm. The result shows that BER increases with B, which reveals that a high signal rate is obtained at the expense of a large noise variance in the receiver's bandwidth. Similar to the tendency shown in Figures 8 and 9 , the proposed labels show lower BER when the code length is fixed. Therefore, employing extended SAC labels for packet switching is more suitable for achieving high-speed transmissions in GMPLS. In Figures 8-10 , the value of M is carefully chosen to achieve good BER performance. However, the stacked label number K or the LSP length may vary in different networks. Figure 11 investigates the impact of channel number on the system signal-to-noise ratio (SNR) for K = 10, 20, and 40. The lengths of extended labels L are set close to 127. The optimal set for designing extended SAC labels for K = 40 is (N,M) = (7, 64) . Although increasing the channel number can reduce PIIN variance, it lowers the photocurrent at the same time. When K is sufficiently small, and the PIIN effect is not notable, a large value of M may lead to system degradation due to the low SNR. This analysis is very helpful in designing a label set for GMPLS networks of various sizes. In Figures 8-10 , the value of M is carefully chosen to achieve good BER performance. However, the stacked label number K or the LSP length may vary in different networks. Figure 11 investigates the impact of channel number on the system signal-to-noise ratio (SNR) for K = 10, 20, and 40. The lengths of extended labels L are set close to 127. The optimal set for designing extended SAC labels for K = 40 is (N,M) = (7,64). Although increasing the channel number can reduce PIIN variance, it lowers the photocurrent at the same time. When K is sufficiently small, and the PIIN effect is not notable, a large value of M may lead to system degradation due to the low SNR. This analysis is very helpful in designing a label set for GMPLS networks of various sizes. Appl. Sci. 2019, 9, x FOR PEER REVIEW 11 of 12 Figure 11 . Signal-to-noise ratio (SNR) versus the channel number M for different K.
Conclusions
In this paper, we proposed a label set known as extended SAC labels for packet switching in GMPLS networks. The proposed scheme combines the advantages of SAC-OCDM and WDM. WDM schemes have low network complexity, while OCDMA schemes benefit from the high efficiency of bandwidth utilization. The extended SAC labels preserve the orthogonal property so that the effect of multiple access interference (MAI) shown at the decoder can be neglected. We investigated the node architecture to achieve simple processes of label generation and recognition. The simulation results show that the proposed labels achieve better BER performances against receiver noise than the conventional OCDMA labels due to the low average cross-correlation values. Furthermore, the optimal channel number was analyzed to reach the maximum SNR for a specific number of stacked labels. 
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